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The pregenomic RNA directs replication of the hepatitis B virus (HBV) genome by serving both as the
messenger for core protein and polymerase and as the genome precursor following its packaging into the core
particle. RNA packaging is mediated by a stem-loop structure present at its 5� end designated the � signal,
which includes the core gene initiator AUG. The precore RNA has a slightly extended 5� end to cover the entire
precore region and, consequently, directs the translation of a precore/core protein, which is secreted as e
antigen (HBeAg) following removal of precore-derived signal peptide and the carboxyl terminus. A naturally
occurring G1862T mutation upstream of the core AUG affects the bulge of the � signal and generates a
“forbidden” residue at the �3 position of the signal peptide cleavage site. Transfection of this and other
mutants into human hepatoma cells failed to prove their inhibition of HBeAg secretion but rather revealed
great impairment of genome replication. This replication defect was associated with reduced expression of core
protein and could be overcome by a G1899A covariation, or by nonsense or frameshift mutation in the precore
region. All these mutations antagonized the G1862T mutation on core protein expression. Cotransfection of the
G1862T mutant with a replication-deficient HBV genome that provides core protein in trans also restored
genome replication. Consistent with our findings in cell culture, HBV genotype A found in African/Asian
patients has T1862 and is associated with much lower viremia titers than the European subgroup of genotype
A.

The hepatitis B virus (HBV) primarily infects the liver and
causes chronic hepatitis, liver cirrhosis, and hepatocellular car-
cinoma worldwide. It is an enveloped DNA virus with a small
double-stranded genome of 3.2 kb. Inside hepatocytes, viral
genomic and subgenomic RNAs are transcribed from a co-
valently closed circular DNA template in the nucleus and ex-
ported to the cytoplasm for translation into viral proteins. The
core protein assembles into the core particle, packaging both
the pregenomic RNA and DNA polymerase. Subsequently, the
DNA polymerase synthesizes the negative-strand DNA via re-
verse transcription from the RNA template, followed by RNA
degradation and synthesis of positive-strand DNA. The core
particle with the double-stranded DNA genome is enveloped
by host-derived lipids and viral envelope proteins and secreted
as an infectious virus particle (for a review, see reference 7).
Since the 3.5-kb pregenomic RNA is also the mRNA for the
expression of both core protein and DNA polymerase, it is the
sole component required for genome replication. Conse-
quently, increased transcription of pregenomic RNA will lead
to enhanced HBV replication, as exemplified by the naturally
occurring core promoter mutants (3, 20).

The AUG initiator of the core gene (position 1901 to 1903)

is located approximately 80 nucleotides (nt) downstream of the
5� end of its mRNA, while the initiation codon of polymerase
is 400 nt further downstream. Therefore, core protein transla-
tion can proceed directly by ribosomal scanning, whereas
translation of polymerase requires a specific mechanism of
translational termination and reinitiation or ribosomal shunt-
ing (9, 23). Nevertheless, the 5� end of the pregenomic RNA
also functions as its encapsidation signal (the ε signal), which
forms a stem-loop structure consisting of two base-paired re-
gions, a 6-nt bulge, and a 6-nt loop (Fig. 1C) (10, 21, 31). The
core AUG is located near the 3� end of this stem-loop as part
of the lower stem. Considering that RNA secondary structure
impedes the passage of the scanning 40S ribosome (12),
whether translation of the core protein is regulated negatively
by the ε signal or adjusted temporarily according to the chang-
ing functions of the pregenomic RNA remains to be deter-
mined.

The ε signal is not only required for the packaging of pre-
genomic RNA but also involved in the initiation of reverse
transcription. The polymerase employs an N-terminal tyrosine
residue as a primer to generate the first three nucleotides
(5�-GAA-3�) of the negative-strand DNA, using the UUC se-
quence at the 3� bulge of the ε signal as the template (17, 32)
(Fig. 1C). Next, the negative-strand DNA is dislodged from the
bulge and transferred to the UUC motif about 3.2 kb down-
stream in the 3� direct repeat 1 region, where reverse tran-
scription will resume. This long-range template switch is prob-
ably facilitated by an RNA secondary structure (28).

Transcription initiation mediated by the core promoter is
imprecise, and a fraction of the 3.5-kb RNA is about 30 nt
longer than pregenomic RNA, thus enabling it to cover the
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intact precore region (positions 1814 to 1900) for an additional
29 amino acid codons (Fig. 1A). This subset of the 3.5-kb
RNA, termed the precore RNA, does not express DNA poly-
merase and cannot serve as the pregenome because the sec-
ondary structure of the ε signal is melted by translating ribo-
some (16). The resultant precore/core protein is targeted to
the lumen of the endoplasmic reticulum by its N-terminal
signal peptide of 19 residues, which is clipped off by the signal
peptidase (4, 22, 24) (Fig. 1B). The protein is secreted as e
antigen (HBeAg) following further removal of a C-terminal
basic sequence (Fig. 1A). The HBeAg is not essential for HBV
replication in vitro but potentially important for the establish-
ment of persistent infection in vivo (5, 30). Following the rise
of antibody against HBeAg in hepatitis B patients, however,
HBV variants with reduced or abolished expression of HBeAg
often become the dominant viral species, possibly due to the
negative selection for viral strains expressing HBeAg (34).

In this regard, a G1862T substitution is frequently detected
in patients following seroconversion to anti-HBe (14, 33). This
point mutation converts residue 17 of the precore peptide, the
�3 position of the signal peptidase cleavage site, to phenylal-
anine. The G1862A and G1862C mutations have also been
reported, albeit at much reduced frequency (14). These muta-
tions convert the �3 position to isoleucine and leucine, respec-
tively. Since a bulky residue such as phenylalanine, but not
leucine or isoleucine, at the �3 position is considered “forbid-
den” for signal peptidase cleavage (18), the G1862T mutation
has been speculated to reduce HBeAg expression, thus ac-
counting for its prevalence at the anti-HBe stage of infection.
The G1862T mutation also affects the bulge of the ε signal, at
a position that is 39 nt upstream of the core gene initiator (Fig.
1C). By site-directed mutagenesis and transfection experi-

ments, we failed to validate inhibition of HBeAg secretion by
any of the substitutions introduced into the �3 position of the
signal peptidase cleavage site but rather observed a severe
replication defect of the corresponding mutants. This defect
was associated with reduced core protein expression and could
be overcome by compensatory mutations in the precore region
or by core protein provided in trans.

MATERIALS AND METHODS

Mutant HBV constructs. Table 1 lists the single mutants and one double
mutant used in this study. Other double and triple mutants are not listed, since
they combine the properties of the single or double mutants. Mutant constructs
generated for this study are based on clone N4, which is a chimera between two
naturally occurring core promoter mutants of the European subgroup of geno-
type A. Specifically, it contains the backbone of clone 3.4 with a 0.8-kb AvrII-
EcoRV fragment derived from clone 4B (11, 20). This construct maintains high
replication capacity and efficient HBeAg expression as well as robust expression
of HBsAg (hepatitis B surface antigen, viral envelope proteins) and secretion of
virus particles. Each mutation was created by overlap extension PCR using
Roche High-Fidelity PCR system (1, 2, 11, 20). The PCR products were double
digested with either RsrII-BspE1 (positions 1750 to 2328) or RsrII-ApaI (posi-
tions 1750 to 2509) for cloning back to the N4 construct. The PCR-derived region
of each mutant was verified by sequence analysis. Each mutant construct was
converted into a tandem dimer version in the EcoRI site of the pUC18 vector
(20). The plasmid DNA was purified by a commercial kit (Marligen), further
extracted with phenol and chloroform/isoamyl alcohol, and dissolved in Tris-
EDTA buffer. Before transfection, DNA concentrations of the constructs were
verified by digestion of 500 ng of DNA with HindIII followed by gel electro-
phoresis.

The 4B genome lacking core protein expression (core� 4B genome) and with
defective polymerase expression and nonfunctional encapsidation signal
(Pol�/ε� 4B genome) were employed in the cotransfection experiments. They
have been described previously (1, 2). The core� 4B dimer genome contains a
C2044G nonsense mutation in the core gene to ablate core protein expression
(1). It is still competent in the expression of polymerase and viral envelope
proteins, and its pregenomic RNA can be encapsidated if core protein is pro-

FIG. 1. The precore region encodes the signal peptide for HBeAg and constitutes part of the pregenome encapsidation signal. (A) Expression
mechanisms for core protein and HBeAg. The pregenomic RNA directs the expression of core protein and polymerase, whereas the precore RNA
is the messenger for precore/core protein, the precursor to HBeAg. The 19-amino-acid signal peptide encoded by the precore region is removed
by signal peptidase inside the ER lumen. (B) Signal peptidase cleaves between A19 and S20, and the G1862T mutation introduces a V17F
“forbidden” mutation at the �3 position of the cleavage site. (C) The ε signal as an RNA secondary structure consisting of two base-paired regions,
a bulge, and a loop. The core gene AUG, indicated by an arrow, is located near the 3� end of the ε signal and embedded in the lower stem. The
3� three nucleotides of the bulge (positions 1863 to 1865) also serve as a template for initiation of negative-strand DNA synthesis. The G1862T
mutation does not affect this part of the bulge, while several artificial mutations do (Table 1).
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vided by another plasmid. The Pol�/ε� 4B genome contains a C2589T nonsense
mutation in the polymerase gene to prevent polymerase expression as well as a
G1879T/T1880A double mutation in the loop of the ε signal, thus abolishing
packaging of pregenomic RNA (2).

Transfection. The Huh7 human hepatoma cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 10% calf serum. The HBV dimers
were transfected into Huh7 cells via the TransIT Transfection system (Mirus) as
described previously (2). Serum-free minimal essential medium (150 �l) was
mixed with 4 �l of transit-LT1 reagent, vortexed, and incubated at room tem-
perature for 15 min. Following mixing with 1.5 �g of DNA and a further
incubation for 15 min, the complex was added dropwise to cells grown in six-well
plates. After overnight incubation, cells were washed, replenished with fresh
medium, and harvested 4 days later. For the transcomplementation assay, 1.1 �g
of HBV mutants generated in this study was cotransfected with 0.4 �g of either
pcDNA3.1/zeo(�) vector, core� 4B dimer, or Pol�/ε� 4B dimer.

Analysis of HBV DNA replication and virion secretion. The details of these
assays have been described previously (1, 2, 11, 20). Briefly, transfected plasmid
DNA was eliminated from cell lysate by nuclease treatment, and core particles
were precipitated by polyethylene glycol solution. Core particles were disinte-
grated by digestion with proteinase K in the presence of sodium dodecyl sulfate
(SDS), and HBV DNA was extracted with phenol, precipitated with ethanol, and
dissolved in Tris-EDTA buffer. DNA was separated on a 1.5% agarose gel, with
ethidium bromide (1 �g/ml) present in both the gel and the running buffer. After
transfer to a membrane, HBV DNA was detected with a randomly primed probe.
Extracellular viral particles (both naked core particles and enveloped Dane
particles) were concentrated by ultracentrifugation through a 20% sucrose cush-
ion, and DNA was extracted for Southern blot analysis.

Measurement of HBeAg and HBsAg expression. HBeAg was measured by the
EBK 125I radioimmunoassay (DiaSorin) in earlier experiments using 4 to 10 �l
of culture supernatant, and by the ETI-EBK plus enzyme immunoassay (Dia-
Sorin) in later experiments when the radioimmunoassay kit was discontinued.
HBsAg was measured by the Auszyme monoclonal HBsAg kit (Abbot Labora-
tories) with 4 to 10 �l of culture supernatant. The volumes of culture superna-
tants used will not cause signal saturation.

Western blot analysis of core protein, HBsAg, and HBeAg. Huh7 cells grown
in each well of the six-well plates were scraped at day 5 posttransfection, and the
cell pellet was lysed with 100 �l of buffer (10 mM HEPES, pH 7.5, 100 mM NaCl,
1 mM EDTA, 1% NP-40) supplemented with protease inhibitor cocktail
(Roche). Proteins from 40 �l of lysate were separated on a 0.1% SDS–12%
polyacrylamide gel and transferred to polyvinylidene difluoride membranes. The
membranes were blocked at room temperature with 3% bovine serum albumin
(BSA) in Tris-buffered saline–Tween (TBST) buffer, and incubated at 4°C for 3
overnights with a mouse monoclonal anti-core antibody (14E11; Abcam) diluted
1:2,000 in 3% BSA–TBST. After 40 min of washing at room temperature with
TBST buffer, the blots were incubated at room temperature for 1 h with horse-
radish peroxidase-conjugated anti-mouse antibodies (Amersham) diluted

1:30,000 in 3% BSA–TBST. The blots were washed with TBST for 40 min, and
signals were revealed by enhanced chemiluminescence (ECL). To control for
transfection efficiency, the blots were stripped with Restore Western Blot strip-
ping buffer (Pierce) at 37°C for 20 min, rinsed with water and TBST buffer, and
blocked again with 3% BSA in TBST buffer. The blots were incubated at 4°C
overnight with a goat polyclonal anti-HBs antibody (Dako) diluted 1:8,000 in 3%
BSA–TBST, washed, and incubated at room temperature for 1 h with horserad-
ish peroxidase-conjugated anti-goat antibodies (Amersham) diluted 1:50,000 in
TBST. The blots were washed again, and signals were revealed by ECL. Alter-
natively, HBsAg was detected by a 1:5,000 dilution of a polyclonal horse anti-
HBs (Ad/Ay) antibody (Abcam), and a 1:5,000 dilution of rabbit anti-horse
immunoglobulin G conjugated to horseradish peroxidase (Abcam).

For immunoprecipitation of secreted HBeAg, culture supernatants collected
at day 5 posttransfection were precleared of cell debris by centrifugation at 3,000
rpm for 10 min. A 1-ml aliquot was incubated overnight at 4°C with 0.5 �l of
anti-core antibody (Dako), followed by addition of 5 �l of protein G beads and
further incubation for 3 to 4 h. The immune complex was collected by low-speed
centrifugation, washed once with TBST buffer, and separated in 15% polyacryl-
amide gels. The protein blot was blocked with 3% BSA–TBTS and incubated
overnight at 4°C with a 1:2,000 dilution of rabbit polyclonal antibody against core
antigen (Dako). After washing with TBST buffer, the blot was incubated with a
1:2,000 dilution (in 3% BSA–TBST) of anti-rabbit antibodies conjugated with
horseradish peroxidase (Amersham). The blot was washed with TBST, and
signals were revealed by ECL.

RESULTS

Mutations at the �3 position of the signal peptidase cleav-
age site do not reduce HBeAg secretion. The amino terminus
of HBeAg has been mapped to S20 of the precore peptide,
thus establishing A19 and V17 as the �1 and �3 positions,
respectively (Fig. 1B) (24, 26). This finding is consistent with
the preference of the endoplasmic reticulum (ER) signal pep-
tidase for small and neutral amino acids at the �1 and �3
positions (18). Bulky or charged residues at these two positions
often impair signal peptide processing (6). The V17F substi-
tution in the precore peptide (pcV17F) as a result of the
G1862T mutation generates a bulky residue at the �3 position,
whereas the pcV17L substitution does not. We generated these
two naturally occurring variants as well as the artificial pcV17D
and pcA19D mutants, which contain charged residues at the
�3 and �1 positions, respectively. The DNA constructs were

TABLE 1. Mutations used in this studya

Mutation ε signal structure affected Proximity to core
AUG

Precore peptide
(pc)

Core protein
(c)

Signal peptide
cleavage

1840insCb NAe No Frameshift NA NA
T1855C Lower stem, increased stability No Silent NA NA
G1862C Bulge No pcV17L NA No effect
G1862T Bulge No pcV17F NA Forbidden, �3
T1863A Bulge, RTfpriming site No pcV17D NA Forbidden, �3
C1865G Bulge, RT priming site No pcQ18E NA No effect
C1865T Bulge, RT priming site No Nonsense NA NA
C1869A Upper stem, reduced stability No pcA19D NA Forbidden, �1
T1880Gc Loop No pcC23G NA No effect
G1888A Upper stem, increased stability No Silent NA NA
G1899A Lower stem, increased stability G-to-A, �2 position pcG29D NA No effect
G1899C Lower stem, reduced stability G-to-C, �2 position pcG29A NA No effect
T1855C/G1899A Lower stem, reduced stability G-to-A, �2 position pcG29D NA No effect
C2129G NA No NA cQ77Ed NA

a Double or triple mutations are not shown unless affecting base pairing of the ε signal differently.
b Insertion of a cytosine between nucleotides 1840 and 1841.
c Abolishes pregenome packaging (2).
d Back mutation to wild type.
e NA, not applicable.
f RT, reverse transcription.
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transfected to Huh7 cells, and HBeAg at day 5 posttransfection
was measured with a commercial radioimmunoassay. To cor-
rect for variations in transfection efficiency, the HBeAg values
were normalized against HBsAg values (Fig. 2A). No reduc-
tion in the secretion of HBeAg was observed in association
with any mutation at the �3 position (results of three inde-
pendent experiments are shown in Fig. 2B). The pcA19D mu-
tation at the �1 site incurred, at most, modest (20 to 30%)
reduction of HBeAg expression. Similar results were obtained
when culture supernatants were harvested at earlier time
points (data not shown). Results obtained by radioimmunoas-
say were further validated by immunoprecipitation-Western
blot analysis. Since the E77Q mutation present in the core
gene of N4-based constructs greatly reduces the sensitivity of
HBeAg detection by a commercial polyclonal antibody (Dako)
(K. Kim and S. Tong, unpublished), we introduced a Q77E
mutation back into these constructs. As a result, no significant

change in either the amount or sizes of HBeAg was observed,
even when both pcV17F and pcA19D mutations were present
(Fig. 2C).

The G1862T, T1863A, and C1869A mutants are impaired in
genome replication. The pcV17F, pcV17L, pcV17D, and
pcA19D mutations in the precore peptide correspond to
G1862T, G1862C, T1863A, and C1869A mutations at the nu-
cleotide level (Table 1). Of these, the T1863A mutation
changes the 3�-most position of the priming site for reverse
transcription, whereas the C1869A mutation disrupts a base
pair in the upper stem of the ε signal (Fig. 3A). Since the ε

FIG. 2. Effect of mutations at the �3 (pcV17F, pcV17D, pcV17L)
and �1 (pcA19D) positions of the signal peptidase cleavage site on
HBeAg production. (A) Results from one experiment where HBeAg
was measured by a radioimmunoassay from DiaSorin. Values of both
HBeAg (counts per minute) and HBsAg (optical density at 490-nm
wavelength) shown are their crude values minus the values from su-
pernatant of nontransfected cells. The HBeAg/HBsAg values were
converted to percentages relative to N4. (B) Combined results of three
independent experiments showing the mean values of HBeAg expres-
sion relative to N4 and standard deviations. (C) Immunoprecipitation-
Western blot analysis of secreted HBeAg. The dominant HBeAg spe-
cies in the culture supernatant from genotype A HBV is p17. All the
mutants of the �3 and �1 positions of the signal peptidase cleavage
site also contain a Q77E back mutation in the core protein (cQ77E)
which facilitates efficient HBeAg detection by a polyclonal antibody
(Dako). HBV5.4 is defective in the expression of HBeAg owing to a
single nucleotide deletion in the core gene (20). The transfection
efficiencies of the mutants were similar, as suggested by values of
HBsAg in the culture supernatant. Ig, immunoglobulin.

FIG. 3. Impaired replication capacity of mutants affecting nucleo-
tides 1862, 1863, and 1869. (A) Part of the ε signal, with positions of
mutations indicated. The G1863A mutation affects the template for
reverse transcription, whereas the C1869A mutation will disrupt a base
pair in the upper stem. (B) Values of HBeAg and HBsAg in culture
supernatant of transfected Huh7 cells, with the HBsAg values serving
as indications of transfection efficiencies. HBeAg was detected by an
enzyme immunoassay (DiaSorin). (C) HBV genome replication inside
intracellular core particles (upper panel) and secretion of viral parti-
cles to culture supernatant (lower panel). HBV5.4 is defective in ge-
nome replication owing to a single nucleotide deletion in the core gene
(20). For the 100 pg and 20 pg lanes, 100 pg and 20 pg of HBV genome
cloned in the EcoRI site of pUC18 vector was digested with EcoRI and
EcoRI/RsrII to release the 3.2-kb and 1.7-kb/1.5-kb DNA. L, linear
HBV DNA; SS, single-stranded HBV DNA; RC, relaxed circular HBV
DNA.
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signal is essential for the packaging of pregenomic RNA and,
hence, genome replication (10, 21, 31), we analyzed the repli-
cation capacity of the mutants. Figure 3C shows Southern blot
analysis of HBV DNA associated with intracellular core par-
ticles and extracellular viral particles. The transfection efficien-
cies were similar among the various constructs, as indicated by
values of HBsAg in the culture supernatant (Fig. 3B). DNA
replication was severely impaired not only for the T1863A and
C1869A mutants but also for the G1862T mutant (Fig. 3C).
Combining the G1862T and C1869A mutations led to nearly
complete loss of replication capacity.

Introduction of the G1899A mutation overcomes the repli-
cation defect of these mutants. The G1862T mutation is fre-
quently associated with a G1888A or G1899A covariation (8,
14, 25, 27, 33). While the G1888A mutation is silent at the
amino acid level, the G1899A mutation induces a pcG29D
substitution in the terminal residue of the precore peptide
(Table 1). Interestingly, both mutations convert a wobble U:G
base pair in the ε signal into a U:A pair (upper stem for
G1888A and lower stem for G1899A) (Fig. 4A). Mutagenesis
and transfection experiments revealed that, while the G1888A
mutant maintained the wild-type level of genome replication
and virion secretion, introduction of the G1862T mutation into
this mutant severely impaired DNA replication (Fig. 4B). The
G1899A mutation modestly increased genome replication, and
the G1899A/G1862T double mutant replicated much better
than the G1862T single mutant. The G1899A mutation could
also markedly enhance the replication of the T1863A, C1869A,
and G1862C mutants (Fig. 5), suggesting a general mechanism
of rescue.

Replication impact of the G1899A mutation is independent
of its improvement of base pairing in the � signal. As already
mentioned, the G1899A mutation converts a U:G pair in the
lower stem of the ε signal, between U1855 and G1899, into a
U:A pair. In this regard, a T1855C mutation will convert the
same U:G pair into an even stronger C:G pair. Transfection
experiments revealed wild-type replication capacity of the
T1855C single mutant but much reduced replication of the
T1855C/G1862T double mutant reminiscent of the G1862T
single mutant (Fig. 4B). On the other hand, the T1855C/
G1899A double mutant retained a high replication capacity,
despite the disruption of the base pair involved. Furthermore,
introduction of the G1862T mutation into this double mutant
did not markedly reduce genome replication (Fig. 4B, last
lane). Thus, the ability of the G1899A mutation to rescue
replication of the G1862T mutant is not mediated by, and is
independent of, stronger base pairing in the lower stem of the
ε signal.

Since G1899 occupies the �2 position of core gene AUG
codon (Fig. 1C), the G1899A mutation may function through
modulation of core protein expression. In this regard, a cyto-
sine at the �2 position is considered optimal for translation
initiation (13). We therefore generated the G1899C mutant
alone or together with G1862T. Indeed, the G1899C/G1862T
double mutant retained relatively high replication capacity,
much better than the G1862T single mutant (Fig. 6).

Nonsense and frameshift mutations in the precore region
could also rescue replication of the G1862T mutant. Inciden-
tally, we found that replication of the G1862T mutant could be
rescued by mutations at other positions. A C1865T mutation

did not markedly reduce genome replication, despite its loca-
tion at the priming site for reverse transcription, and the
C1865T/G1862T double mutant was found to replicate as ef-
ficiently (Fig. 6). Interestingly, the C1865T mutation converts
precore codon 18 into a TAA termination codon, which has the
potential to increase core protein expression by translational
termination and reinitiation from precore RNA (29). To verify
the significance of the nonsense mutation, we created a mis-
sense mutant of the same codon, C1865G (pcQ18E at the
amino acid level). Although the C1865G single mutant had
only a modest decline in replication, the C1865G/G1862T dou-
ble mutant was severely impaired in DNA replication. On the
other hand, a frameshift mutation (1840insC) introduced into

FIG. 4. The G1899A mutation rescues replication of the G1862T
mutant independent of its base pairing effect on the ε signal. (A) Im-
pact of T1855C, G1888A, and G1899A mutations alone or together on
base pairing of the ε signal. (B) Southern blot analysis of intracellular
HBV replication (upper panel) and virus particle secretion to culture
supernatant (lower panel). The G1888A, G1899A, T1855C, and
T1855C/G1899A mutations are present alone or together with the
G1862T mutation. L, linear HBV DNA; SS, single-stranded HBV
DNA; RC, relaxed circular HBV DNA; 100 pg and 20 pg, 3.2-kb and
1.7-kb/1.5-kb HBV DNA; �, present; �, absent. Shown at the bottom
are values of HBeAg and HBsAg present in the supernatant of trans-
fected cells. The HBsAg values serve as markers for transfection effi-
ciency.

VOL. 80, 2006 G1862T MUTATION REDUCES HBV CORE PROTEIN EXPRESSION 591



the precore region upstream of the ε signal, which would ter-
minate precore-core protein translation in the vicinity of core
AUG, could rescue the replication of the G1862T mutant as
well (Fig. 6).

Replication capacities of the mutants correlate well with
their levels of core protein expression. The ability of the
G1899A mutation to rescue replication of several mutants, its
juxtaposition with core gene AUG codon, and the ability of
precore nonsense and frameshift mutations to rescue the
G1862T mutant strongly suggested coupling of core protein
expression with the replication capacity of the constructs. In-
deed, Western blot analysis revealed reduced core protein
expression by the G1862T mutation (Fig. 7A, upper panel). In
contrast, the G1899A mutation enhanced core protein expres-
sion. This was not due to higher transfection efficiency of the
G1899A mutant, as revealed by reprobing of the same blot
with anti-HBs antibodies (lower panel). The presence of both
mutations resulted in core protein expression similar to that of
the parental clone, N4. Introduction of the G1899A mutation
could also override the low core protein expression associated
with the T1863A, G1862C, or C1869A mutant (Fig. 7B). Sim-
ilarly, other mutations capable of rescuing the G1862T mutant,
such as C1865T and G1899C, could maintain core protein
expression when combined with the G1862T mutation. In con-
trast, the T1855C, C1865G, or G1888A mutation could not
rescue core protein expression when coupled with the G1862T
mutation (Fig. 7A, upper panel).

Replication of the G1862T, T1863A, and C1869A mutants
could be rescued by core protein provided in trans. If the
G1862T, T1863A, and C1869A mutants harbor no defect other
than core protein expression, then providing core protein from
another plasmid should suffice to relieve their replication
block. To test this hypothesis, constructs with normal, in-
creased, or reduced replication capacity were cotransfected
with either pcDNA vector, core� 4B dimer, or Pol�/ε� 4B
dimer, using a ratio of 1.1 �g/0.4 �g. Clone 4B is a core

promoter mutant with extremely high levels of genome repli-
cation (20). The core� 4B dimer was derived from 4B by a
nonsense mutation in the core gene, whereas the Pol�/ε� 4B
dimer contains a nonsense mutation in the polymerase gene as
well as a double mutation in the loop of the ε signal that
abolishes packaging of pregenomic RNA. The Pol�/ε� 4B
dimer produced high levels of core protein even at this ratio of
cotransfection (data not shown). As illustrated in Fig. 8A, the
low replicating G1862T single or double mutants were not
rescued by cotransfection with a core� 4B dimer but by the
Pol�/ε� 4B dimer, such that their differences with high repli-
cating clones were largely abolished. The Pol�/ε� 4B dimer
could also rescue the replication of the T1863A and C1869A
mutants and even the G1862T/C1869A double mutant, which
had negligible genome replication (Fig. 8B). On the other
hand, the T1880G mutant with a nonfunctional ε signal (2)
could rescue the core� 4B dimer but not the Pol�/ε� 4B dimer.
Therefore, the defect of the G1862T, T1863A, and C1869A
mutants indeed lies at core protein expression rather than the
pregenome or DNA polymerase.

DISCUSSION

Effect of mutations at the �3 and �1 positions of the signal
peptide cleavage site on HBeAg secretion. The N terminus of

FIG. 6. Mutations other than G1899A can also restore replication
of the G1862T mutant. (A) Mutations and their effects on ε signal,
reverse transcription, and translation of core protein or HBeAg.
(B) Southern blot analysis of intracellular core particles. The G1899C,
C1865T, C1865G, and 1840insC mutations are present alone or to-
gether with the G1862T mutation. 100 pg, HBV DNA markers for 3.2
kb and 1.7 kb; �, present; �, absent. Positions of linear (L) and
single-stranded (SS) HBV DNA are indicated. Shown at the bottom
are values of HBsAg in the culture supernatant of transfected Huh7
cells.

FIG. 5. Replication of the G1862C, T1863A, and C1869A single
mutants or double mutants with G1899A. Also included are N4, the
parental construct, and HBV5.4, a clone defective in genome replica-
tion. Shown is intracellular HBV DNA associated with core particles.
L, linear HBV DNA; SS, single-stranded HBV DNA; �, present; �,
absent. Levels of HBsAg in culture supernatant are provided.

592 GUARNIERI ET AL. J. VIROL.



the precore peptide serves as a signal peptide for the cotrans-
lational translocation of the precore-core protein to the ER
lumen, leading to HBeAg secretion (4, 22, 24). A signal pep-
tide is composed of an N-terminal basic sequence, a central
hydrophobic region for membrane insertion, and a polar but
noncharged C terminus for cleavage (18, 19). Residues �1 and
�3 interact with specific P1 and P3 pockets in the ER signal
peptidase and are critical for cleavage. Aromatic and charged
residues introduced into these positions often abolish cleavage
or alter the cleavage site (6). Molecular epidemiological stud-
ies have revealed, with the exception of the African/Asian
subgroup of genotype A (genotype Aa), the rise of the G1862T
mutation only at the anti-HBe stage of infection (14, 25, 27,
33). The corresponding V17F substitution in the precore pep-
tide generates a “forbidden” residue at the �3 position. In the
current study, we found that HBeAg secretion was not im-
paired in constructs with forbidden residues at the �3 position
(pcV17F and pcV17D) relative to the wild-type virus or the
pcV17L variant (Fig. 2). The pcA19D mutation at the �1
position only mildly impaired HBeAg production. Most strik-
ingly, the pcV17F/pcA19D double mutant displayed no further
reduction in HBeAg secretion. However, computer predictions
of the double mutant suggested a possible shift of the cleavage
site from residue 19 to residue 18, which would put the pcV17F
and pcA19D mutations at the flexible �2 and �1 positions,
with pcQ18 and pcT16 now occupying the �1 and �3 posi-
tions. Similarly, introduction of forbidden amino acids into the
�1 positions caused a shift of the cleavage site for the signal
peptide of Escherichia coli maltose-binding protein (6). At any
rate, our observations suggest that single and even double
mutations near the signal peptide cleavage site may not con-
stitute an effective means of terminating HBeAg secretion.

These findings are consistent with the fact that genotype Aa,
which often has T1862 as its wild-type sequence, continues to
express HBeAg (25, 27).

Do mutations at nucleotides 1862, 1863, and 1869 just down
regulate core protein expression? The G1862T, T1863A, and
C1869A mutants are hampered in genome replication and core
protein expression. In this regard, HBV genome replication is
driven by the pregenomic RNA, which serves as the prege-
nome and the messenger for core protein and polymerase. Our
preliminary primer extension analysis of total cellular RNA
revealed no reduction in the level of pregenomic RNA in cells
transfected with the G1862T mutant, although we do not know
whether expression of polymerase is impaired. The ability of
the Pol�/ε� 4B dimer to rescue replication of all three of the
mutants (Fig. 8) argues against a defect in polymerase expres-
sion and suggests intact function of the ε signal (with the
exception of T1863A mutation, see below). Alternatively, one
may argue that mutations at positions 1862, 1863, and 1869 do
reduce polymerase expression, yet DNA polymerase is not the
limiting factor for RNA packaging. However, the Pol�/ε� 4B
dimer did not markedly enhance replication of clone N4, the
parental construct.

Nucleotides 1865 to 1863 serve as the priming site for re-
verse transcription (Fig. 1) (17). In this regard, the T1863A
mutant produced progeny viral DNA of reduced size (Fig. 3
and 5), suggesting aberrant translocation leading to shorter
products. No aberrant products were observed for the C1865G
or C1865T mutant. These findings are consistent with the
greater importance of nucleotide 1863 than 1865 in determin-
ing the specificity of the template switch. Nucleotide 1863
defines the 3�-most nucleotide of the nascent minus DNA
strand (5�-GAA-3�) (Fig. 1C). The T1863A mutation will pro-

FIG. 7. Western blot analysis of core protein expression by the various constructs. Proteins were separated on an SDS–12% polyacrylamide gel
and transferred to a membrane, and the core protein was revealed by incubation with a mouse monoclonal antibody (Abcam) followed by
anti-mouse secondary antibody conjugated to horseradish peroxidase. The blots were stripped of the antibodies and reprobed with horse anti-HBs
antibody (Abcam) (panel A, lower gel) or goat anti-HBs antibody (Dako) (panel B, lower gel). Signals were revealed by secondary antibodies
conjugated to horseradish peroxidase. The two bands of surface protein correspond to gp27 and p24, respectively.
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duce a minus DNA strand of 5�-GAT-3�. The mismatch of its
3�-most nucleotide with direct repeat 1 is very likely to prevent
DNA elongation, thus promoting annealing elsewhere to gen-
erate shorter DNA products.

How do mutations at positions 1862, 1863, 1869, and 1899
modulate core protein expression? The G1899A mutation en-
hances core protein expression. Although this mutation affects
a base pair in the lower stem of the ε signal, we demonstrated
that its biological properties were not mediated by, and is
independent of, enhanced stability of the ε signal. Thus, its
effect may be related to its occupation of the �2 position of
core gene AUG codon. Indeed, the G1899C mutation of the
same position could also overcome the replication defect of the
G1862T mutant. The G1862T, T1863A, and C1869A muta-

tions affect the �39, �38, and �32 positions of core gene
AUG. These mutations are located at the bulge (G1862T,
T1863A) and upper stem (C1869A) of the ε signal, respec-
tively. Whether they work through structural changes to the ε
signal remains unclear. It is unknown whether the stem-loop
structure of the ε signal is formed during core protein trans-
lation, and if so, whether it facilitates or hinders core protein
expression. The ε signal binds viral polymerase through the
loop, upper stem, and part of the bulge (nucleotides 1860 and
1861).

Clinical relevance of the replication effect of G1862T and
G1899A mutations. Genotype Aa patients manifest much
lower viremia titers than patients of genotype Ae (European
genotype A) (27). For HBeAg-positive patients, the mean vire-
mia titer was 5 � 105 genome copies/ml in genotype Aa pa-
tients compared to 4 � 108 copies/ml in genotype Ae patients,
with a difference of 800-fold. In the HBeAg-negative group of
patients, the value was 7 � 102 versus 6 � 103 copies/ml. Based
on the markedly down regulation of genome replication by the
G1862T mutation, we propose that T1862 contributes to the
reduced replication capacity of genotype Aa. Since not all
genotype Aa isolates contain T1862, it will be of great interest
to correlate the viremia titers in genotype Aa patients with
polymorphism at this position (T1862 versus G1862).

The G1899A mutation is highly prevalent at the anti-HBe
stage of chronic infection, often subsequent to the G1886A
nonsense mutation in the precore region that abolishes HBeAg
expression (15). It is also common in patients containing the
G1862T mutation (14, 33). We found that the G1899A muta-
tion largely relieves the inhibitory effect of the G1862T muta-
tion on genome replication, as a consequence of restored core
protein expression. The G1862T mutant of genotype B has
been implicated in several cases of fulminant hepatitis in China
(8). Interestingly, all such isolates harbored the G1899A mu-
tation but no G1896A nonsense mutation or core promoter
mutations (8). Since enhanced replication of the HBV genome
is considered critical in the induction of fulminant hepatitis (3),
the presence of the G1899A mutation in such strains may not
be a mere coincidence.
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